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High field Q-slope (HFQS) seriously limits the high gradient performance of the buffered chem-
ically polished (BCP) superconducting radio frequency (SRF) niobium cavities. The direct cause
or mechanism is not yet fully understood. In our recent extensive data analysis, we concluded that
the potential root cause could be nitrogen contamination on the surface. The nitric contamination
could be created by nitric acid during BCP which uses the mixture of hydrofluoric acid (HF), nitric
acid (HNO3), and phosphoric acid (H3PO4). Based on this thought, we started to develop a new
chemical polishing acid that replaces the nitric acid by hydrogen peroxide. We have discovered that
this new acid cannot provide smooth surface finishing, however adding copper catalyst allows this
acid to provide a smooth surface similar to or even better than that from the conventional BCP. This
paper first shows the significance of resolving HFQS, then summarizes our extensive data analysis
results, and finally describes our discovery of the copper catalyst.
PACS numbers: May be entered using the \pacs{#1} command.
I. INTRODUCTION
A. Demand for new Acid
For superconducting Nb cavities, chemical polishing
or electropolishing (EP) is required to remove defects
and the contaminated surface layer. It is an impor-
tant process that lead to much better performance. One
commonly used method – Buffered Chemical Polish-
ing (BCP) – always leads to cavity High Field Q-slope
(HFQS) which seriously limits the cavity performance at
high operating field. The other method – EP [1] – can
recover the cavity HFQS by an extra 120 ◦C low tem-
perature baking (LTB) post EP [2]. However, EP is not
always applicable to low/medium β cavities because of
their complicated shapes. Therefore, a new chemical pol-
ishing process is in demand, especially for low/medium
β cavities which are used in heavy ion accelerators.
HFQS is the phenomenon where Q0 (unloaded Q) per-
formance of the SRF cavity begins to drop exponentially
when the accelerating gradient increases beyond 80 - 100
mT (corresponding to an accelerating gradient Eacc of 20
- 25 MV/m for ILC elliptical shape cavity [3]). The Q0
drop is caused by pure heating at RF high magnetic field
region (equator area) on the SRF surface [4–6], and it
ultimately limits the accelerating gradient to below 130
mT (Eacc is 30 MV/m for ILC elliptical shape cavity).
The pure HFQS is thermal heating and has no X-ray.
However, HFQS and X-ray occurrence are mixed in some
cases.
If the HFQS issue is resolved, we can solve one of the
most serious performance limitation and increase the ac-
celerating gradient above Eacc = 30 MV/m, for ILC type
elliptical shape cavity [7]. It can make the accelerator
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system more compact or increase accelerated particle en-
ergy, which will result in a remarkable cost reduction in
the SRF project.
Low to medium β cavities evolved in many areas
and are becoming one of the most widespread types in
LINACs. FRIB is an example of a heavy ion accelerator
project whose cavities suffer from HFQS. Nearly 300 cav-
ities (90% of the total), comprised of 120 low β QWRs
(quarter wave resonators) and 180 medium β half wave
resonators (HWRs), have been cold tested. All of these
cavities are treated with BCP. Statistically, the perfor-
mance of ∼ 35% of the cavities at FRIB is limited by pure
HFQS (HFQS without X-rays) [8]. If one takes into ac-
count the fact that HFQS involves field emission in many
case, the probability of a cavity having HFQS ∼ 50% or
higher.
In Fig. 1, the FRIB cavity performance is presented
by Q0 vs Eacc. Converting Eacc to Bp with the design
ratio 10.71 [mT/(MV/m)], the Q0 starts to drop from
Bp ∼ 85 mT in β = 0.041 QWRs. If HFQS is resolved,
these cavities have the potential to operate at 10 MV/m
(instead of the current gradient 5 MV/m). Similar con-
siderations apply to other cavities in FRIB, which mean
the SRF LINAC can almost be shortened by half or the
acceleration energy can be doubled.
B. Alternative Acid Treatment
It is highly probable form our recent analysis that the
HFQS under BCP arises from nitrogen contamination,
which is introduced by nitric acid in the commonly used
BCP acid. Thus, the replacement of the nitric acid by an
alternative is a promising way to mitigate this issue. For
this purpose, we summarize related experimental results
as follows [9]:
1. If a cavity was vented with nitrogen gas after cold
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2FIG. 1. FRIB cavity performance at 2 K in Vertical Test, β
= 0.041 QWRs, Bp/Eacc = 10.71 [mT/(MV/m)].
test and exposed for one night, the extra cold test
afterward shows the cavity was often limited by
Q-slope. Replacing nitrogen gas by argon gas pre-
served the flat Q up to 40 MV/m [10].
2. If nitric acid (1500ppm) is added to EP, subsequent
LTB can no longer always eliminate the HFQS [11].
3. The chemical barrel polishing (CB) using BCP +
EP + LTB produced a sharp quench at below 20
MV/m on a cavity, while the barrel CB using wa-
ter + EP + LTB provided high field performance
Eacc > 30 MV/m. Microscope observation of the
niobium sample by the CB with BCP + EP showed
niobium-nitride (Nb-N) like crystal structures (tri-
angular structures) on the surface [12].
4. BCP HFQS has a deep memory effect which cannot
be explained only by surface smoothness changes
[1, 9].
5. Large grain/single crystal cavities have very
smooth surface after etching by BCP (Rz ∼ 0.2
µm), but their highest achievable gradient before
quenching occurs are still lower than those of EP’ed
fine grain cavities (40 MV/m in case of ILC shape).
[13–16].
6. Nitrogen doping technique shows that the Nb-N
phase generated on the SRF top surface has very
harmful impact on cavity performance. This layer
has to be removed by EP ∼ 5 µm [17].
Based on these experiments, we formulated three cri-
teria on the alternative acid:
First, the surface roughness after polishing should be
smoother than 3 µm. It has been reported that high sur-
face roughness will lead to magnetic field enhancement
[18, 19], and result in flux trapping [20]. A previous sim-
ulation of EP’ed cavities suggests field enhancement will
start from a surface roughness of ∼ 3 µm [21], that is,
the finished surfae roughness should be smoother than 3
µm.
Second, material removal speed should be at a level
of 2 - 5 µm/min, similar to conventional BCP. This is
important for real cavity processing.
Finally, the alternative acid should be nitrogen-free to
prevent nitrogen contamination.
Here, hydrogen peroxide (H2O2) is the first candidate
that comes to our mind for replacing the nitric acid as a
new oxidizer, since it does not introduce any extra ele-
ments contamination and is itself a strong oxidizer. An
extra benefit is that the reaction will not generate any
hazardous NOx gas.
C. Past acid R&D with H2O2
Development of this kind of acid has been already at-
tempted by two institutes. One was in the early 1980’s
to resolve the issue in waste water treatment with the
conventional BCP acid [22]. This mixture was unstable
and the polished surface was not smooth and they con-
cluded it was due to the higher water content. The sec-
ond one was to improve the BCP’ed cavity performance
[23] at the end of the 1990’s at Saclay, France. They
were trying to find alternative chemical treatment of the
conventional BCP. Various mixture of HF (5 - 15 mol/L)
and H2O2 (2.5 - 5 mol/L) were applied to niobium sam-
ples. However, the surface was always degraded by severe
grain boundary etching and significant roughness (mean
peak-to-valleys > 50 µm).
II. EXPERIMENTAL METHOD AND FIRST
RESULTS
To maintain consistency with previous published data
sets, we take Rz as a measure of surface roughness defined
by:
Rz =
1
5
5∑
i=1
(Rp,i −Rv,i) (1)
where Rp,i and Rv,i denote the i
th highest peak and ith
lowest valley within the evaluation length respectively
[24]. Rz is directly measured by the stylus (roughness
tester).
A. Experimental Setup
Prior to the experiments, niobium samples (50 mm ×
15 mm × 4 mm) were mechanically polished by emery
paper to adjust the initial surface roughness. The surface
roughness after etching was measured at no fewer than
3TABLE I. Mechanical polishing prior to experiment and the
initial surface roughness
Mechanical polishing Initial
with emery paper roughness
(number of roughness) Rz [µm]
Baseline BCP # 320 4.6
First attempt # 320 4.3
First optimization # 320 4.6
Second optimization # 320 3.7/2.2a
Third optimization # 600 2.4
a 2.2 µm is for the 409 ppm case, and it adopts an improved way
to mechanically polish the surface.
5 points near the initial measurement points and the re-
sults were averaged. The standard deviation was used to
construct the error bar. The information on the initial
surface roughness is shown in Table I.
B. First Test of the New Acid: 50% HF + 50%
H2O2
We started the development of this acid mixture again.
We reconfirmed that this acid provides very rough sur-
face as material removal increases. For instance, for fine
grain niobium material with RRR = 250 - 300, this mix-
ture resulted in Rz= 20 - 25 µm as shown in Fig. 2 (blue
cross marks), while the conventional BCP acid can at-
tain a roughness of ∼ 5 µm (red empty circle in Fig. 2).
In this experiment, we fixed the total volume of acid at
55 mL, and changed the acid ratio. No optimum point
could be obtained When the volume of 50% HF was var-
ied from 4 mL to 19 mL and that of 50% H2O2 was varied
from 51 mL to 36 mL correspondingly. 24 mL HF + 31
mL H2O2, 27 mL HF + 28 mL H2O2 experiments were
also done, but the roughness were beyond the roughness
tester’s measurement range (25.2 µm). The acid bath
temperature was not actively controlled, the initial tem-
perature was 18 ◦C and the final temperature ranged
from 35 to 60 ◦C. This is the same in other experiments.
Large grain niobium samples were used to investigate
the reason. The samples were composed of two large
crystalline with sizes ∼ 3 cm × 1 cm. These two crys-
talline had different crystal orientation. We observed a
big difference in surface roughness after ∼ 20 µm etched
in these crystalline. One had Rz = 6.8 ± 2.5 µm and an-
other had Rz = 16.6 ± 3.6 µm. This provided evidence to
suggest that preferential etching depends on the crystal
orientation.
C. Other Trials
The viscosity of etching acid can influence the per-
formance of BCP as follows. It is effective to slow the
diffusion electrolyte reaction products by the chemical
reaction, making the morphology: peak area has higher
acid concentration, and vice versa for the valley area. In
other words, it prevents the preferential etching. This
effect is enhanced when the viscosity is high [25–27].
In order to study the viscosity effect, we then tried
HF+H2O2+H3PO4 mixture because phosphoric acid has
high viscosity and is commonly used in BCP. However,
the results showed that only material removal speed was
reduced while the surface roughness remained very rough.
HF + H2O2 + H2SO4 mixture was used in the second
trial. The reason of the material speed reduction in the
above mixture is probably due to the poor oxidation ca-
pability. Sulfuric acid will add oxidation power as well as
high viscosity to the new acid. We attempted this mix-
ture. The results showed surface roughness Rz = 10.4 ±
6.2 µm after ∼ 8.4 µm etched. The mixture consisted
of 10 mL 50% HF, 45 mL 35% H2O2, and 60 mL 98%
H2SO4. We also tried other composition ratios, but the
results had no significant differences. This mixture will
continue to be optimized, but it is expected to be a com-
plex optimization.
Several other parameters were also investigated: com-
ponent concentration, H2O2 decomposition, initial tem-
perature, and agitation effect. However, none of their
variation reduced the roughness. Based on our results:
1) initial temperature and viscosity variation only affects
the reaction rate; 2) adding agitation makes the surface
rougher; and 3) non-stabilized H2O2 experiment shows
that decomposition has no obvious effect.
D. New Attempt
Before abandoning this series of acid mixture, we ap-
plied this mixture on Cu metal to observe whether the
same problems would occur. To our surprise, the result
was a very smooth finishing surface. This led us to at-
tempt adding copper in the acid.
III. COPPER CATALYST – TOWARDS THE
OPTIMIZATION
We made several tests and found that the method
works: acid reaction with a small amount Cu prior to
immersing Nb can lead to very different results. We also
found high concentration 50% H2O2 generates huge bub-
ble marks on the Nb surface, so we added DI water to
adjust H2O2 to 35% for a standard start.
A. First Attempt
In the first attempt, we used an acid mixture of total
volume 55 mL, which consisted of 10 mL 50% HF, 29 mL
50% H2O2, 16 mL H2O and 16 mg copper powder. The
acid bath temperature was not actively controlled, its
initial temperature was 18 ◦C and the final temperature
4FIG. 2. Optimization of new acid process and BCP baseline data with material removal vs surface roughness. The inserted
picture shows a comparison of samples processed with new acid (left) and BCP (right), the two samples has similar initial
roughness (∼4.5 µm) and similar total removal (∼ 100 µm). BCP sample is more shiny but has corrosion (orange skin).
varied from 35 to 45 ◦C. Material removal speed was ∼
4µm/min. The finished surface roughness reached Rz =
7 µm after 65 µm etched as shown in Fig. 2 (solid square
mark). This result was much better than almost all the
cases that were done without Cu.
The new acid generates no NOx gas and the finishing
surface has no orange skin. This is a breakthrough for
our new acid development. Then we started optimizing
the acid with the control parameter method.
B. First Optimization: HF Concentration
Dependence
Building upon the first attempt, optimization of HF
concentration was conducted (Fig. 2, solid green square
marks). We first fixed the total amount of acid mix-
ture (55 mL), the amount of 29 mL 50% H2O2, and the
amount of Cu (300 ppm). The concentration of HF was
adjusted to 26 mL by adding water to the 50% HF. For
instance in Fig. 2 (green solid square marks), 15 mL HF
means 15 mL of 50% HF acid and 11 mL of water. The
reaction speed increased rapidly with HF concentration,
and so did the finishing surface roughness. We found the
HF amount at 15 mL gave the best surface roughness,
and we chose it for subsequent experiments shown by
the solid triangles in Fig. 2.
C. Second Optimization: Cu Amount Dependence
We fixed all other parameters and only changed the
amount of Cu. We found that 409 ppm Cu gave the best
result. In this case, we adjusted the initial roughness to
around 2 µm to study the impact of the initial surface.
For the first time, we achieved better surface roughness
than conventional BCP.
D. Third Optimization: Accurate Control of Cu
and Initial Roughness
Previous copper optimization was done by copper pow-
der, which posed difficulties in weigh control because elec-
trostatic force made the powder easily spill out of the
container. We repeated copper optimization using cop-
per wire, and increased the accuracy of copper concen-
tration. In this experiment, we polished niobium samples
mechanically with emery paper of #600 to get a more
standard initial surface roughness. The material removal
speed is ∼ 4 µm/min.
This effect is shown in Fig. 2 (orange diamond marks)
and Fig. 3 (with Cu amount as x axis). In Fig. 3, based on
the results with copper concentration in the range of 250
- 425 ppm, a finishing roughness of 3 µm can be achieved.
A linear extrapolation shows that 2.5 µm seems possible
at 900 ppm. More studies will be done to reduce errors
and better establish the dependence.
We also confirmed that the finishing surface roughness
5depends on the initial roughness because all cases in the
third optimization had lower finishing roughness than be-
fore, no matter how the Cu amount varied. A smoother
initial roughness produces a smoother finishing surface.
This means that this new acid has no crystal orientation
preferential etching.
IV. MECHANISM
This section explains the chemical reactions that occur
when Cu is added into the polishing acid mixture and
discusses their implications.
A series of reactions happen during the experiment:
Cu + H2O2 −−→ CuO + H2O (2)
CuO + H2O2 −−→ CuO2 + H2O (3)
2 CuO2 −−→ 2 CuO + O2 ↑ (4)
These reactions constitute a H2O2 decomposing process
with Cu as the catalyst, and can be written as:
2 H2O2
Cu−−→ 2 H2O + O2 ↑ (5)
Then the CuO reacts with HF:
CuO + 2 HF −−→ CuF2 + H2O (6)
Or
CuO + 4 HF −−→ Cu(HF2)2 + H2O (7)
The Cu2+ dissolves in the acid, and when Nb is put into
the acid, reaction
5 Cu2+ + 2 Nb −−→ 5 Cu + 2 Nb5+ (8)
happens simply due to single-displacement reaction, and
Nb5+ dissolves into the acid to generate a Cu layer out-
side the Nb, and reaction (1) to (7) continuously happen,
until any of the component is totally consumed. During
this process, Cu accelerates the reaction and is not con-
sumed, thus acting as catalyst.
The combination of the whole process can be written
as:
20 H2O2 + 20 HF + 4 Nb
Cu−−→ 4 NbF5 + 5 O2 ↑ + 30 H2O
(9)
The key components of the whole reaction series are
reaction (4) and reaction (7): there will be no gas prod-
uct without reaction (4), which is important to finishing
surface roughness (will be explained later); if there is no
reaction (7), the metal ions will be excluded from the
reaction series and just stay in the acid. Therefore, any
metals that meet these two processes should be able to
work as a catalyst for this acid. Reaction (7) needs the
metal to be less reactive (in the reactivity series) than
FIG. 3. Third optimization results zoomed in Fig. 2 with Cu
amount as the x axis. A lower than 2.5 µm finishing surface
roughness is expected at the copper concentration of 900 ppm
with linear fitting.
Nb, and reaction (2) needs the metal to be at least oxi-
dizable by H2O2 (can be found from Standard electrode
potential), so the series of potential catalysts is: (Nb),
Zn, Cr, Ga, Fe, Cd, In, Tl, Co, Ni, Mo, Sn, Pb, W, Ge,
Cu, Tc, Ru, Po, Hg, Ag.
In this series, the more reactive (closer to Nb) the
metal is, the slower reaction (7) will be, which is closer
to the scenario without catalyst. Conversely, the less re-
active (closer to Ag) the metal is, the stronger the metal
ion’s oxidization power, so it is more catalyst effective.
We also tried Fe, which is closer to Nb than Cu, and
the finishing surface roughness was Rz = 10 ∼ 16 µm
depending on the amount of Fe.
V. DISCUSSION
The underlying principle of general chemical polishing
is a higher reaction rate at the peaks than at the val-
leys. This produces a smoothing effect on the surface,
some fundamental studies can be found in Ref. [25]. Sev-
eral parameters are important for the finishing surface,
such as viscosity [26, 27], oxidation layer formation [28],
temperature etc..
For a chemical polishing process, the reaction rate dif-
ference arises because the peak has higher acid amount
to react with than the valley for a similar reaction area
[25, 29]. This difference can be enhanced by bubbles
generated on the metal surface which block the reaction
more around the valley area than at the peak [30]. Bub-
bles that grow during the reaction will start departing
the surface once they reach a critical condition, which
is more easily met at the peak than at the valley (see
Ref. [31, 32]). Hence, bubbles take a longer time to de-
part from valleys and block the reaction at valleys for a
6longer time than they do at peaks. This effect enlarges
the reaction rate difference and facilitates the generation
of a smoother surface.
The reaction of the H2O2 plus HF with Nb is:
5 H2O2 + 2 Nb + 10 HF −−→ 2 NbF5 ·H2O + 8 H2O (10)
One obvious difference between this reaction (Eqs. 10)
and the Cu case (Eqs. 9) is the O2 gas generated on Nb
surface, and it is possible that these oxygen gas bubbles
help generate smooth surface.
There is an extra benefit from adding Cu: the Cu gen-
erated on Nb surface from Eqs. 8 forms cathode, increases
the total reaction rate (especially on the peaks because
the peaks already react faster [29]) and intensifies the re-
action rate difference. This is due to Galvanic corrosion,
which is similar to the aluminum case in Ref. [28].
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